Nanomedicines have evolved into various forms including dendrimers, nanocrystals, emulsions, liposomes, solid lipid nanoparticles, micelles, and polymeric nanoparticles since their first launch in the market. Widely highlighted benefits of nanomedicines over conventional medicines include superior efficacy, safety, physicochemical properties, and pharmacokinetic/pharmacodynamic profiles of pharmaceutical ingredients. Especially, various kinetic characteristics of nanomedicines in body are further influenced by their formulations. This review provides an updated understanding of nanomedicines with respect to delivery and pharmacokinetics. It describes the process and advantages of the nanomedicines approved by FDA and EMA. New FDA and EMA guidelines will also be discussed. Based on the analysis of recent guidelines and approved nanomedicines, key issues in the future development of nanomedicines will be addressed.
Introduction
To date, various nanomedicines have been developed and commercially applied in clinical and non-clinical areas. Nanomedicines have shown essential characteristics such as efficient transport through fine capillary blood vessels and lymphatic endothelium, longer circulation duration and blood concentration, higher binding capacity to biomolecules (e.g. endogenous compounds including proteins), higher accumulation in target tissues, and reduced inflammatory or immune responses and oxidative stress in tissues. These characteristics differ from those of conventional medicines depending on physiochemical properties (e.g.; particle surface, size and chemical composition) of the nano-formulations (De Jong and Borm 2008; Liu et al. 2011; Onoue et al. 2014) . Efforts to develop these characteristics of nanomedicines are likely to make them available for treatment of specific diseases which have not been efficiently controlled using conventional medicines, because nanomedicines allow more specific drug targeting and delivery, greater safety and biocompatibility, faster development of new medicines with wide therapeutic ranges, and/or improvement of in vivo pharmacokinetic properties (Onoue et al. 2014 ). Many nanomedicines have been used for the purpose of increasing efficacy and reducing adverse reactions (e.g., toxicity) by altering efficacy, safety, physicochemical properties, and pharmacokinetic/pharmacodynamic properties of the original drugs (Dawidczyk et al. 2014 ). In particular, higher oral bioavailability or longer terminal half-life can be expected in case of orally administered nanomedicines, leading to reduction of administration frequency, dose and toxicity (Charlene et al. 2014; Dawidczyk et al. 2014 ). Regulation of pharmacokinetic characteristics of nanomedicines can results in significant advances in their utilization. Considerations of pharmacokinetic characteristics of nanomedicines and formulability for development purposes, direction and status of their development, and evaluation systems are thought to have important implications for effective development and use of more effective and safe nanomedicines. Therefore, we will present examples of effective go/stop evaluation stages through a review of pharmacokinetic characteristics and delivery of nanomedicines, and the status and processes of nanomedicine evaluation by global regulatory agencies through comparative analysis.
Delivery and pharmacokinetics of nanomedicines
Changes in pharmacokinetic characteristics of nanomedicines are due to changes in pharmacokinetic properties of their active pharmaceutical ingredients (API), which include longer stay in the body and greater distribution to target tissues, possibly increasing their efficacy and alleviating adverse reactions (Onoue et al. 2014 ). Regulation of efficacy and/or adverse reactions of nanomedicines is affected by alteration of pharmacokinetics such as in vivo absorption, distribution, metabolism and excretion in the body.
Physiochemical properties of nanomedicines depend on their composition and formulation, which ultimately affect their efficacy and toxicity (EMA 2015a; TGA 2016) . Control of physiochemical properties (e.g. composition or formulation) of nanomedicines and adjustment of the degree of binding between nanomedicines and biomolecules eventually regulate in vivo distribution of nanomedicines (EMA 2015a, b; TGA 2016) . For example, it has been reported that the type and amount of binding proteins are significantly reduced when nanomedicines are prepared using PEGylated particles. Further, binding of polysorbate coated particles to ApoE was reported to increase their migration to the brain (EMA 2015a; TGA 2016) .
Based on the above concepts connecting and efficacy/ toxicity, Table 1 shows targeted delivery methods that can lead to changes in the pharmacokinetics of nanomedicines in the body. Delivery mechanisms of nanomedicines can be divided into intracellular transport, epileptic transport and other types (Table 1) . Intercellular transport is regulated and facilitated by intracellularization, transporter-mediated endocytosis, and permeation enhancement through interactions involving particle size and/or cell surface (Francis et al. 2005; Jain and Jain 2008; Petros and DeSimone 2010; Roger et al. 2010) . In general, a smaller particle size of nanomedicines increases intercellular transport, which facilitates cell permeation and affects absorption, distribution, and excretion of nanomedicines. In particular, cell internalization by transporter-mediated endocytosis depends on particle size of nanomedicines. When nanomedicine particles are large, opsonization occurs rapidly and their removal from the blood by endothelial macrophages is accelerated. It has been reported that affinity of cell surface transporters to nanomedicines varies depending on the particle size of nanomedicines, and this could also influence rapid removal of large particles from the blood by macrophages. In addition, nanomedicines containing non-charged polymers, surfactants, or polymer coatings which degrade in in vivo due to their hydrophilicity, interact with cell surface receptors or ligands to increase permeability or promote internalization of nanomedicines (Francis et al. 2005; Jain and Jain 2008; Petros and DeSimone 2010; Roger et al. 2010 ).
In addition, nanomedicines improve intracellular transport of active pharmaceutical ingredients through binding involving bioadhesive polymers or chelates (Table 1) (Bur et al. 2009; Des Rieux et al. 2006; Devalapally et al. 2007; Francis et al. 2005; Jain and Jain 2008; Mori et al. 2004; Roger et al. 2010) . Increased intracellular trafficking of active pharmaceutical ingredients coupled to specific proteins, antibodies, and others in polymers in vivo occurs due to opening of tight junctions and/or increased membrane permeability. In particular, introduction of such a feature in anti-cancer agents can improve the effect of chemotherapy, including targeting brain tumors which are inaccessible to drugs bound by tight junctions, increasing tumor cell targeting, and reducing normal cell targeting. Cytotoxicity against normal cells can be minimized and anti-cancer efficacy achieved using such a nanomedicine strategy. Reduction of nanomedicine elimination in lungs during inhalation leads to increased due to reduced degradation and removal by lung mucosa or macrophages, resulting in increased drug retention time and movement of drug to the target.
Using the enhanced permeability and retention (EPR) effect, it is possible to increase anti-cancer efficacy through increasing tumor permeation and retention time. The EPR effect also makes it possible to selectively deliver nanomedicines to target tissue via conjugation to an antibody, protein, peptide, or polysaccharide, which can be used to modify delivery of nanomedicines to target tissues using receptor/ligand interactions or other physiologically specific target cell interactions, modulating drug efficacy or adverse reactions. Nanomedicines coated with hydrophilic material have improved stability, and their opsonization or accumulation in mucus is prevented. By inhibiting macrophage-induced or mucosal instability, nanomedicines can be retained in vivo, e.g., in lung tissue for prolonged periods of time through particle size, control and avoiding removal by mucus ciliates, which could lead to degradation or macroscopic effects in lung mucosa (Bur et al. 2009 ). Therefore, a variety of formulations have been developed to use delivery mechanisms which can control pharmacokinetics and pharmacodynamics of nanomedicines.
Classification and pharmacokinetic properties of nanomedicines
Nanomedicines exhibit a range of in vivo kinetic characteristics depending on their formulations. In this context, disadvantages and advantages of each type of formulation commonly used in nanomedicines (Devalapally et al. 2007) are summarized, and pharmacokinetic properties of various nanomedicines formulations are shown in Tables 2 and 3. Table 1 Target delivery characteristics related to pharmacokinetic properties of nanomedicines
Targeting methods

Mechanism
Results
Intercellular transport
Cell internalization Caveolar-mediated endocytosis (< 60 nm)
Clathrin-mediated endocytosis (< 120 nm) Difference in intracellular defense mechanism depending on particle size Difference in affinity with cell surface transporter the easier the permeation to affect absorption, distribution and excretion by the smaller the particle size Removal from the blood by macrophages by large particles Increased permeability by changing the interaction with cell surface receptors or ligands by coating with polymers, surfactants 
Dendrimers
Dendrimers are characterized by the presence of polysine, poly(amidoamine), PEGylated polylysine, or lactoferrinconjugated formulations, with high membrane permeability, controlled release ability, selective delivery of active pharmaceutical ingredients, and solubility improvement. There have been reports of limitations in route of administration and immunogenicity, and blood toxicity cases have also been reported (Devalapally et al. 2007; Kawabata et al. 2011; Liu and Fréchet 1999; Mora-Huertas et al. 2010) . Applications of dendrimer technology to active pharmaceutical ingredients are exemplified in several reports (Asthana et al. 2005; Barenholz 2012; Chaturvedi et al. 2013; Fanciullino et al. 2013; Feldman et al. 2012; Fetterly and Straubinger 2003; Hanafy et al. 2007; Hrkach et al. 2012; Jia et al. 2003; Jinno et al. 2006; Kaminskas et al. 2011 Kaminskas et al. , 2012 Kato et al. 2012; Kawabata et al. 2010; Kurmi et al. 2011; Larsen et al. 2013; Manvelian et al. 2012a, b; Manjunath and Venkateswarlu 2005; Matsumura et al. 2004; Morgen et al. 2012; Onoue et al. 2010a Onoue et al. , b, 2011a Onoue et al. , b, 2012a Onoue et al. , b, 2013a Pandey et al. 2005; Pathak and Nagarsenker 2009; Piao et al. 2008; Pepic´ et al. 2004; Prajapati et al. 2009; Sharma et al. 2004; Strickley 2004; Sylvestre et al. 2011; Teshima et al. 2006; Thomas et al. 2012 Thomas et al. , 2013 Tomii 2002; Watanabe et al. 2006; Wu and Benet 2005; Xia et al. 2010; Zhang et al. 2006 Zhang et al. , 2008 Zhang et al. , 2013 . Polylysine dendrimer with doxorubicin, an intravenously administered anti-cancer nanomedicine, results in increased systemic exposure and tumor cell of doxorubicin. Poly(amidoamine) dendrimer with flurbiprofen is an intravenously injectable solution with increased distribution to the site of inflammation and increased in vivo retention time. PEGylated polylysine dendrimer with methotrexate or lactoferrin-conjugated dendrimer with methotrexate are intravenous formulations with prolonged systemic exposure and increased lung accumulation, respectively. Poly(amidoamine) dendrimer with piroxicam with is a formulation with increased systemic exposure.
Engineered nanoparticle
Engineered nanoparticles comprise nanocrystals, solumatrix fine particles, or nanosized amorphous particles, which can improve systemic exposure and decrease retention in the mucosal layer. They can be administered via various routes, but result in insufficient sustained release. Examples of engineered nanoparticle application include reducing gastric mucosal irritation due to NSAID nanomedicines, reducing other kinds of toxicity due to high Cmax compared to the original drug (Devalapally et al. 2007; Kawabata et al. 2011; Liu and Fréchet 1999; Mora-Huertas et al. 2010) . Carbendazim, cilostazol, curcumin, danazol, fenofibrate, megestrol acetate, nitrendipine, and tranilast are administered orally by increasing oral bioavailability (F) using nanocrystal formulations. Diclofenac and indomethacin formulations, using SoluMatrix™ fine particle technology, are oral formulations with improved absorption rates and pain relief. Nanosized amorphous particles of Nobilet show reduced hepatotoxicity (i.e., protection of liver function) with oral F. Inhalable nanocrystalline powder of Tranilast is a formulation administered directly to lungs and with improved anti-inflammatory effect. Albumin nanoparticles of paclitaxel improves targeting variability by increasing delivery to cancer cells when intravenously administered (Asthana et al. 2005; Barenholz 2012; Chaturvedi et al. 2013; Fanciullino et al. 2013; Feldman et al. 2012; Fetterly and Straubinger 2003; Hanafy et al. 2007; Hrkach et al. 2012; Jia et al. 2003; Jinno et al. 2006; Kaminskas et al. 2011 Kaminskas et al. , 2012 Kato et al. 2012; Kawabata et al. 2010; Kurmi et al. 2011; Larsen et al. 2013; Manvelian et al. 2012a, b; Manjunath and Venkateswarlu 2005; Matsumura et al. 2004; Morgen et al. 2012; Onoue et al. 2010a Onoue et al. , b, 2011a Onoue et al. , b, 2012a Onoue et al. , b, 2013a Pandey et al. 2005; Pathak and Nagarsenker 2009; Piao et al. 2008; Pepic´ et al. 2004; Prajapati et al. 2009; Sharma et al. 2004; Strickley 2004; Sylvestre et al. 2011; Teshima et al. 2006; Thomas et al. 2012 Thomas et al. , 2013 Tomii 2002; Watanabe et al. 2006; Wu and Benet 2005; Xia et al. 2010; Zhang et al. 2006 Zhang et al. , 2008 Zhang et al. , 2013 .
Lipid nanosystems
Lipid nanosystems including emulsions, liposomes, solidlipid nanoparticles, and lectin-modified solid lipids can be used to control the degradation and metabolism of the formulation and prolong systemic exposure. In addition, the selective delivery of pharmaceuticals can be improved and the pharmacological effect (e.g. anti-cancer effects in anticancer nanomedicines) can be enhanced by the increase of its accumulation in cancer tissues However, their disadvantages include rapid removal due to reticuloendothelial system (RES) uptake, limitation of administration routes, cytotoxicity risk due to low anti-genicity, and surfactant use for formulation (Devalapally et al. 2007; Kawabata et al. 2011; Liu and Fréchet 1999; Mora-Huertas et al. 2010) .
Emulsions were formulated to increase oral F in both self-emulsifying and drug delivery systems, and several nanomedicines with emulsion formulations have been clinically used including cinnarizine, coenzyme Q10, cyclosporin A, halofantrine, and simvastatin. Inhalable dry emulsion of cyclosporin A is used to induce an anti-inflammatory effect in the lungs (Devalapally et al. 2007; Kawabata et al. 2011; Liu and Fréchet 1999; MoraHuertas et al. 2010) . Differences in liposome constituents in liposome formulations have been documented in several reports (Asthana et al. 2005; Barenholz 2012; Chaturvedi et al. 2013; Fanciullino et al. 2013; Feldman et al. 2012; Fetterly and Straubinger 2003; Hanafy et al. 2007; Hrkach et al. 2012; Jia et al. 2003; Jinno et al. 2006; Kaminskas et al. 2011 Kaminskas et al. , 2012 Kato et al. 2012; Kawabata et al. 2010; Kurmi et al. 2011; Larsen et al. 2013; Manvelian et al. 2012a, b; Manjunath and Venkateswarlu 2005; Matsumura et al. 2004; Morgen et al. 2012; Onoue et al. 2010a Onoue et al. , b, 2011a Onoue et al. , b, 2012a Onoue et al. , b, 2013a Pandey et al. 2005; Pathak and Nagarsenker 2009; Piao et al. 2008; Pepic´ et al. 2004; Prajapati et al. 2009; Sharma et al. 2004; Strickley 2004; Sylvestre et al. 2011; Teshima et al. 2006; Thomas et al. 2012 Thomas et al. , 2013 Tomii 2002; Watanabe et al. 2006; Wu and Benet 2005; Xia et al. 2010; Zhang et al. 2006 Zhang et al. , 2008 Zhang et al. , 2013 . Intravenous injectable solutions of amikacin and O-palmitoyl tilisolol in liposomes (Phospholipid/Chol) have been used for half-life extension, amphotericin B in liposomes (PC/ Chol/DSPG) shows decreased systemic exposure and RES uptake, and cytarabine/daunorubicin in liposomes (DSPC/ DSPG/Chol) has been used to reduce clearance. Pegylated liposome-treated doxorubicin results in increased distribution of doxotubicin to cancer tissues, and prednisolone in liposomes (PC/PG) or (PC/Chol/10% DSPE-PEG2000) results in prolonged systemic exposure. Solid-lipid nanoparticles of azidothymidine result in increased permeability to the brain, those of clozapine result in increased systemic exposure due to clearance reduction, those of diclofenac developed as a transdermal preparation result in increased transdermal absorption, and those of lidocaine as a transdermal preparation result in longer duration of drug efficacy by regulating skin permeability. A lectinmodified solid-lipid N of insulin shows increased oral F (Asthana et al. 2005; Barenholz 2012; Chaturvedi et al. 2013; Fanciullino et al. 2013; Feldman et al. 2012; Fetterly and Straubinger 2003; Hanafy et al. 2007; Hrkach et al. 2012; Jia et al. 2003; Jinno et al. 2006; Kaminskas et al. 2011 Kaminskas et al. , 2012 Kato et al. 2012; Kawabata et al. 2010; Kurmi et al. 2011; Larsen et al. 2013; Manvelian et al. 2012a, b; Manjunath and Venkateswarlu 2005; Matsumura et al. 2004; Morgen et al. 2012; Onoue et al. 2010a Onoue et al. , b, 2011a Onoue et al. , b, 2012a Onoue et al. , b, 2013a Pandey et al. 2005; Pathak and Nagarsenker 2009; Piao et al. 2008; Pepic´ et al. 2004; Prajapati et al. 2009; Sharma et al. 2004; Strickley 2004; Sylvestre et al. 2011; Teshima et al. 2006; Thomas et al. 2012 Thomas et al. , 2013 Tomii 2002; Watanabe et al. 2006; Wu and Benet 2005; Xia et al. 2010; Zhang et al. 2006 Zhang et al. , 2008 Zhang et al. , 2013 .
Micelles
Micelles have advantages of high membrane permeability, and improved solubility and systemic exposure, but disadvantages of insufficient sustained release and cytotoxicity due to surfactant use (Devalapally et al. 2007; Kawabata et al. 2011; Liu and Fréchet 1999; Mora-Huertas et al. 2010) . Block copolymeric micelles reduce clearance and increase systemic exposure of active pharmaceutical ingredients in intravenously administered formulations of camptothecin, doxorubicin, and paclitaxel. Block copolymer micelle allow direct administration to the eyeball increasing its efficacy. Self-micellizing solid dispersion of tranilast result in increased oral F (Asthana et al. 2005; Barenholz 2012; Chaturvedi et al. 2013; Fanciullino et al. 2013; Feldman et al. 2012; Fetterly and Straubinger 2003; Hanafy et al. 2007; Hrkach et al. 2012; Jia et al. 2003; Jinno et al. 2006; Kaminskas et al. 2011 Kaminskas et al. , 2012 Kato et al. 2012; Kawabata et al. 2010; Kurmi et al. 2011; Larsen et al. 2013; Manvelian et al. 2012a, b; Manjunath and Venkateswarlu 2005; Matsumura et al. 2004; Morgen et al. 2012; Onoue et al. 2010a Onoue et al. , b, 2011a Onoue et al. , b, 2012a Onoue et al. , b, 2013a Pandey et al. 2005; Pathak and Nagarsenker 2009; Piao et al. 2008; Pepic´ et al. 2004; Prajapati et al. 2009; Sharma et al. 2004; Strickley 2004; Sylvestre et al. 2011; Teshima et al. 2006; Thomas et al. 2012 Thomas et al. , 2013 Tomii 2002; Watanabe et al. 2006; Wu and Benet 2005; Xia et al. 2010; Zhang et al. 2006 Zhang et al. , 2008 Zhang et al. , 2013 .
Polymeric nanoparticles
Polymeric nanoparticles include ethyl cellulose/casein, PLGA (PLGA and alginate), PLA-PEG, hydrogel, albumin and chitosan analogs with characteristics of relatively stable drug release and prolonged duration of action. However, there are a few cases in which initial rupture is inhibited, or administration routes are limited. In particular, it is necessary to consider factors involved in elimination of nondegradable polymers from the body (Devalapally et al. 2007; Kawabata et al. 2011; Liu and Fréchet 1999; Mora-Huertas et al. 2010) .
Polymeric nanoparticles with increased F include ethyl cellulose/casein nanoparticles with celecoxib, PLGA and alginate nanoparticle with clotrimazole/econazole or rifampicin, hydrogel nanoparticle with insulin, and an oral formulation of siRNA using chitosan analog nanoparticles. An docetaxel IV formulation using PLA-PEG nanoparticles showed a prolonged anticancer effect due to increased halflife. IV or IP formulations of LGA nanoparticles with doxorubicin have been reported to show reduced toxicity through prolongation of half-life and reduction of cardiac distribution. Half-life extension and F increase are also reported in the case of PLGA nanoparticles with glucagon (Asthana et al. 2005; Barenholz 2012; Chaturvedi et al. 2013; Fanciullino et al. 2013; Feldman et al. 2012; Fetterly and Straubinger 2003; Hanafy et al. 2007; Hrkach et al. 2012; Jia et al. 2003; Jinno et al. 2006; Kaminskas et al. 2011 Kaminskas et al. , 2012 Kato et al. 2012; Kawabata et al. 2010; Kurmi et al. 2011; Larsen et al. 2013; Manvelian et al. 2012a 
Pharmacokinetic properties of nanomedicines
Pharmacokinetic characteristics of various nanomedicines with different formulations are determined by particle size, shape (chemical structure), and surface chemical characteristics (FDA 2015). Nanomedicines with particle size less than 10 nm are removed by kidneys whereas those with particle size more than 10 nm are sometimes elongated and removed by the liver and/or the mononuclear-phagocyte system (MPS). The aim of regulating particle size in nanomedicines is to increase their retention in target tissues, and to remove them rapidly when distributed to non-target tissues. A protein corona is formed around nanomedicines by nonspecific protein adsorption in body, but this is prevented by materials such as polyethylene glycol (PEG) applied on the nano-particle through surface coating. Such protein adsorption induces protein denaturation, which may lead to protein aggregation or phagocytosis due to activated macrophages. Nanoparticle targeting based on chemical properties of nanoparticles and surface coatings comprises active and passive targeting. Passive targeting is defined as non-specific accumulation in disease tissue (usually cancer tissue). This is especially applicable to solid cancers in which targeting results in increased blood vessel and transporter permeations and retention (enhanced permeability and retention, EPR effect) of nanomedicines, and their increased accumulation in tumor tissues. Specific or active targeting is defined as selective transport of nanomedicines containing protein, antibody, or small molecule only to specific tissues and/or specific cells. This may occur via homing to overexpressed cell-surface receptors.
Pharmacokinetic assessment of nanomedicine by regulatory agencies
As mentioned above, a wide variety of nanomedicine have been developed and approved for use in clinical practice and there are also a number of nanomedicines in clinical trials.
As of 2016, 78 nanomedicines were on pharmaceutical markets across the world and 63 nanomedicines were approved as drugs or were in the approval process based on search results from 'http://www.clinicaltrial.gov'. It would be meaningful to summarize key considerations of the approval authorities and use this knowledge for the development and approval of nanomedicines.
Food and Drug Administration (FDA)
Nanoscale materials as defined by the US FDA include nanomaterials (materials used in the manufacture of nanomedicine, additives, etc.) and final products (nanomedicine). The particle size of such materials is typically 1-100 nm and such nanomedicines tend to result in increased bioavailability, decreased dose, improved drug efficacy, and decreased toxicity. Improvements in physical properties through effective formulation have led to improved solubility, dissolution rate, oral bioavailability, targeting to specific organs or cells, and/or improved dosage/convenience, leading to dose reduction with less adverse reactions due to the constituent active pharmaceutical ingredients or surfactants (FDA 2015) .
Status of nanomedicines approved by the FDA
The FDA approved 51 nanomedicines by the year 2016, 40% of which were in clinical trials between 2014 and 2016 (Arnold et al. 2001; Benbrook 2015; Berges and Eligard 2005; Bobo et al. 2016; Desai et al. 2006; Duncan 2014; FDA 2006 FDA , 2014 FDA , 2015 Foss 2006; Foss et al. 2013; Fuentes et al. 2015; Green et al. 2006; Hann and Prentice 2001; Hu et al. 2012; Ing et al. 2016; James et al. 1994; Johnson et al. 1998; May and Li 2013; Möschwitzer and Müller 2006; Salah et al. 2010; Shegokar and Müller 2010; Taylor and Gercel-Taylor 2008; Ur Rehman et al. 2016; Wang-Gillam et al. 2016) (Table 4 ). Formulated nanomedicines approved by the FDA can be classified into polymer nanomedicines, micelles, liposomes, antibody-drug conjugates, protein nanoparticles, inorganic nanoparticles, hydrophilic polymers, and nanocrystals. Polymer nanomedicines are the simplest forms of nanomedicines and contain soft materials to increase solubility, biocompatibility, half-life and bioavailability as well as to control release of active pharmaceutical gradients from nanomedicines in body. (PEGylation). ADCs are stable in blood and within targeted cancer cells and are expected to be released into intracellular or paracellular compartments after uptake. The pairing and linkage of antibody and drug are important, and are critical factors for their slow clearance and long halflife (approximately 3 and 4 days). Brentuximab emtasine is an example of an ADC nanomedicine which addresses safety issues by reducing toxicity of monomethyl auristane E. In this case, maleimide linkage and conjugation with thiolated antibody results in the release of only 2% monomethyl auristane E even 10 days after administration. ADCs with non-cleavable linkages such as those with tratuzumab are also available. Nanomedicines using protein nanoparticles include Abraxane ® , an albumin-bound paclitaxel, and Ontak ® , an engineered fusion protein, which consist of endogenous or engineered protein carriers. Inorganic nanoparticles in nanomedicine are drug formulations commonly used for treatment and/or imaging, in which metallic and metal oxide materials are used. Coating with hydrophilic polymers (dextran or sucrose) such as iron oxide is used for iron supplements including Venofer ® , Ferrlecit ® , INFed ® , Dexferrum ® , and Feraheme ® , which show slow dissolution patterns after intravenous administration and less toxicity due to free iron in high dosage regimens. Because poor absorption of free iron is one of the reasons for increasing iron dosage resulting in severe toxicity, an iron oxide nanomedicine formulation with iron supplementation is clinically meaningful. Inorganic nanomedicines using gold are based on thermal and surface chemistry of gold, and it have not yet been approved by the FDA. Several clinical investigations using nanomedicines formulated with gold have been conducted. CYP-6091 containing colloidal gold with recombinant human tumor necrosis factor rhTNF is in a phase 2 trial, NBTXR3 and PEP503 are radio enhancers containing hifnium metal oxide for brain tumor treatment and inorganic silica nanoparticles for fluorescence-based cancer imaging, respectively, and are in phase 1 trials. Nanocrystal formulations increase nanoscale dimensions and improve dissolution and solubility and include Rapamune ® , Tricor ® , Emend ® , and Megace ES ® .
Suggested considerations for the evaluation of nanomedicines by the FDA
Based on guidelines and reports from the FDA, considerations for evaluation of nanomedicines are as follows. Evaluation of nano-formulation properties of nanomedicines comprises evaluating physicochemical properties of the nanomaterials, constituents and proportions of the nanomaterials, and quality and manufacturing of the nanomaterials (Eifler and Thaxton 2011; FDA 2010) . First, pharmacokinetics of nanomedicines are assessed in the context of their systemic exposure considering (1) rate and amount of absorption and retention in circulation based on blood concentration over time, (2) relationship between prolongation of half-life and whole body exposure duration, and (3) bioavailability changes (Eifler and Thaxton 2011; FDA 2010 FDA , 2015 . Second, assessment of nanomedicine distribution to blood and tissue is recommended to be done based on apparent volume of distribution, and distribution or accumulation to positive targeting sites based on time-dependent changes. Third, in the context of metabolism, it is important to evaluate whether decomposition or metabolism of nano-formulations or their active pharmaceutical ingredients occur. Fourth, elimination of raw materials used in nano-formulations, and products from decomposition and/or metabolism of nano-formulations and their active pharmaceutical ingredients are recommended for evaluation. The accumulation of nano-formulations in target tissues and elimination through MPS are also investigated. Finally, toxicity assessment of nanomedicines needs to be conducted.
EMA
In 2011, the EMA defined nanomedicines as drugs composed of nanomaterials 1-100 nm in size, and these are classified into liposomes, nanoparticles, magnetic NPs, gold NPs, quantum dots, dendrimers, polymeric micelles, viral and non-viral vectors, carbon nanotubes, and fullerenes (EFSA 2011; EMA 2015a).
Status of nanomedicines approved by the EMA
The EMA has approved 8 of the 11 commercially available nanomedicine drugs developed as first-generation nanomedicines (such as liposomes or iron-containing formulations), and three of them were withdrawn. Investigations were conducted to establish the scientific basis for efficacy and safety of 12 nanomedicines, and were evaluated via the European Medicines Agency (EMA) approval process. Following this initial process, 48 nano medicines or imaging materials are currently in clinical trials (Phase 1-Phase 3) in the EU. In addition, preclinical trials are underway for a number of nanomedicine products (Draca et al. 2013; Ehmann et al. 2013; Hafner et al. 2014; Lawrence and Rees 2000; Ling et al. 2013; Shegokar and Müller 2010) (Table 5) .
Suggesting points for the evaluation of nanomedicines in EMA
EMA presents that pharmacokinetic and pharmacodynamic properties of nanomedicines were determined by chemical composition and physicochemical properties. So, EMA suggest to consider six possibilities to evaluate nanomedicines considering the chemical composition and physicochemical properties (EFSA 2011; TGA 2016) 
the state of conversion into non-nanosized form when the drug substance in the manufacturing site is present as a matrix, (3) conversion to non-nanosized forms due to lack of bio-similarity under in vitro non-stable conditions, (4) conversion from nano-forms to non-nanosized forms during toxicity assessment (5) co-existence of nano forms and non-nano forms at the in vivo administration site, and (6) existence of the nano form in biological samples and tissues after absorption. In view of these various considerations for nanomedicine evaluation, EMA suggested the need to discuss the following aspects for the evaluation of nanomedicines (EFSA 2011; EMA 2015a, b; Ehmann et al. 2013; TGA 2016) . Overall, physicochemical properties, stability, and functionality of nanomedicines should be evaluated. To this end, interactions and reactivity with biointerfaces due to coatings or additives in the final nanomedicines, suitability of biomarkers of in vivo functionality of nanomedicines, in vivo distribution and bio-persistence of nanomedicines, long-term safety of decomposition products, and adequacy of dose and dose interval settings have emerged as key factors for the evaluation process. Notably, liposome formulations, iron-based formulations, and nanocrystal formulations which can be considered first-generation nanomedicines and have already been marketed and used, have proved their effectiveness and safety over a long period. Based on this status, evaluation methods for approval of secondgeneration nanomedicines have been suggested for consideration (Ehmann et al. 2013; EMA 2013a , b, EMA 2015b .
Future perspectives on nanomedicines considering their pharmacokinetic properties
Given the considerations for development and use of nanomedicines, indispensable steps to attain clinical significance include assessment of the nature of formulations, pharmacokinetic properties, and the approval process for nanomedicines. Therefore, based on recent trends in nanomedicine development and guidelines of the FDA and EMA, we propose a simple algorithm to guide the recommended ADME evaluations of nanomedicines (Fig. 1) . In the proposed algorithm, stability in the manufacturing process and simulated human conditions determine whether ADME properties of the drugs of interest are assessed or not. Assessment varies based on administration routes and distribution. For example, evaluation varies based on whether orally administered nanomedicines are found in nano forms or non-nano forms in the gastro-intestinal tract. Thus, the proposed algorithm provides critical and practical checkpoints in nanomedicine development and assessment.
Acknowledgements This research was supported by a Grant (16173MFDS542) from Ministry of Food and Drug Safety in 2016.
Compliance with ethical standards
Conflict of interest These authors (Young Hee Choi and Hyo-Kyung Han) declare that they have no conflict of interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco 
